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SUBGRADE SOIL CONSTANTS, THEIR SIGNIFICANCE, 
AND THEIR APPLICATION IN PRACTICE 


Reported by C. A. HOGENTOGLER, Senior Highway Engineer, A. M. WINTERMYER, Assistant Highway Engineer, and E. A. WILLIS, Assistant 
Highway Engineer, United States Bureau of Public Roads 


PART I: THE PHYSICAL PROPERTIES OF SOILS AND THEIR EFFECT ON SUBGRADE PERFORMANCE ! 


grades is naturally divided into two classes: That 

which relates to the study of the soil, and that 
which relates to the practical utilization of the results of 
soil studies in the design and construction of roads. 
The former is of interest primarily to the subgrade test- 
ing engineer while the latter is of interest to every en- 
gineer who is now engaged in, and every engineering 
student who ever expects to engage in, the construction 
of works on the earth’s surface. 

The subgrade testing engineer who makes the studies 
must be familiar with the detailed procedures for making 
the subgrade surveys, the simplied subgrade soil tests, 
and the more elaborate Terzaghi tests. He must under- 
stand the complete significance of the various tests and 
the particular tests to be used for various purposes. The 
designing engineer requires only a superficial knowledge 
of the significance of the various tests and the procedures 
for making them. His special interest lies in the utili- 
zation of the test results to increase the stability and 
permanence of the structures with which he has to deal. 

During the past few years the Bureau of Public 
Roads, by means of published reports, lectures, and ex- 
hibits, has made known to the interested public the 
progress of its subgrade studies. These researches have 
now reached a point where it is desirable to coordinate 
and summarize the results obtained. 

The present report, of which the first part is. pub- 
lished in this issue, consists of three major divisions: 
(1) A discussion of soil properties important with re- 
spect to subgrade performance, (2) the significance of 
the simplified soil tests for disclosing the presence of the 
important subgrade soil properties, and (8) the practical 
utilization of subgrade soil tests in practice. 

The first division, which is intended primarily for the 
designing engineer and the engineering student, is in- 
cluded in Part I. In this part of the report the authors 
attempt in as simple a manner as possible to disclose 
the relation between the vehicle, the road, and the sub- 
grade groups which have been suggested in a previous 
report and to discuss in a consistent order the various 
physical principles controlling the performance of the 
subgrade. An effort is made to show (a) that the sub- 
grade instead of the pavement really supports the wheel 
load, (6) that the manner in which the subgrade sup- 
ports the wheel load depends upon its reaction to both 
load and climatic changes, (c) that these reactions de- 
pend upon the five basic physical characteristics of 
soils, to wit, cohesion, internal friction, compressibility, 
elasticity, and capillarity, (d) that these physical char- 
acteristics control such important performances of sub- 
grades as shrinkage, expansion, frost heave, the settle- 
ment of fills, sliding in cuts and lateral flow of soft un- 
dersoils, (e) that these physical characteristics are fur- 
nished by soil constituents easily identified in the lab- 
oratory and (f) that subgrades may be arranged in 
definite groups according to the characteristics of the 
soil constituents. 


Psrests isn information on the subject of sub- 


IMPORTANCE OF SUBGRADE SOIL CONSTANTS DISCUSSED 


A subgrade soil test result may be defined as a 
measure of the degree in which a particular physical 
characteristic is exhibited when a soil is tested accord- 
ing to some arbitrary procedure. A subgrade soil con- 
stant may be either a test result as such or the result 
of a computation involving the use of several test 
results. 

The subgrade soil constants to be employed bene- 
ficially in practice must serve to disclose the existence 
of those subgrade properties which exert an important 
influence upon the service rendered by road surfaces. 

In order that subgrade soil constants may perform 
this service, one must have some conception of (a) 
those physical characteristics of subgrade soils which 
have an important bearing on the serviceability of 
road surfaces, (b) the influence exerted by the condition 
in which the soil exists and the character of its constitu- 
ents upon the important subgrade soil properties, (c) 
the laws which control the physical characteristics 
possessed by subgrade soils, and (d) the degree to 
which subgrade soil constants disclose the presence of 
important subgrade characteristics. 

Information of the character referred to is furnished 
by the subgrade investigations and the reports regard- 
ing them supplemented which have been published at 
different times in Pusiic Roaps and elsewhere. These 
reports are listed in the bibliography included as part 
of this report. 

While there is no intent to minimize in any manner 
the important influence exerted upon the properties of 
the soil by the state in which it exists, this report dis- 
cusses primarily those properties characteristic of the 
raw constituents of soils regardless of state, and the 
importance of those properties with respect to road 
construction. 

It should be remembered that the suggested sub- 
gerade groups are based upon subgrade performance. 
As additional information becomes available it might 
be desirable to subdivide certain of the groups with 
respect to the degree in which the subgrades possess 
particular properties, but the main groups are not 
likely to change in definition. The test constants 
which are being suggested as a means of identifying 
the members of the various groups are in a state of 
development and can not be considered as final. How- 
ever, these constants and the scheme suggested for their 
use constitute the most logical method of soil identifi- 
cation yet disclosed by the bureau’s subgrade investi- 
gations. This material is presented at this time not as 
a final and conclusive treatise on soil identification, but 
rather as a rational method by means of which the 
usefulness of test constants may be intelligently 
investigated. 

Italic figures in parentheses ( ) used in this report 
refer to reports listed in the bibliography which furnish 
the material being discussed. 





1 Parts II and III of this article will appear in the July, 1931, issue of Public Roads. 
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Procedures for determining the different constants 
and for making subgrade surveys and mapping subgrade 
soil profiles are being prepared for publication at a later 
date. 

BOTH SUPPORTING VALUE AND MOVEMENT OF SUBGRADE 
IMPORTANT IN ROAD CONSTRUCTION 

In order to appreciate the importance of the sub- 
grade in road construction one has only to remember 
that instead of the road surface, the ground or subgrade 
beneath really supports his pleasure car, truck, or other 
vehicle. The road surface or pavement merely dis- 
tributes the vehicle weight over areas larger than those 
furnished by the tires alone. 

Our high-class pavements, even the most substantial, 
when robbed of this ground support for appreciable 
distances, say 15 or 18 feet, break of their own weight 
and when unsupported for even short distances they 
become unable to withstand the weight of motor cars. 

Thus the road surface furnishes only a smooth top on 
the natural ground surface and in order to accomplish 
this purpose two conditions must be fulfilled: The 
road surface must distribute the weight or impact deliv- 
ered by motor vehicle wheels over an area sufficient to 
prevent appreciable depression of the ground beneath 
the pavement, and the ground beneath the pavement 
must be prevented from moving an amount sufficient 
to deform the road surface seriously. Otherwise, the 
road surface will fail. 

When designing a highway the engineer is called upon 
to furnish a structure which, first, will resist the wear 
and tear caused by fast-moving motor wheels, second, 
will distribute wheel weights and impacts so as to pre- 
vent deformations which would be detrimental to either 
the road surface or the subgrade and, last, will resist 
natural forces to such an extent that their effect as 
manifested through subgrade movement will not be 
detrimental. In order to do this most economically, he 
must be cognizant of (1) the wheel loads and impacts 
to be resisted, (2) the relative ability of pavements to 
spread or distribute wheel loads, (3) the safe load the 
subgrade will support without depressing a detrimental 
amount, and (4) the movements likely to occur in the 
subgrade due either to climatic influences or to other 
causes. Only then is the engineer in a position to trans- 
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form his road appropriations into the greatest mileage 
of serviceable highways. 

It becomes evident, therefore, that in addition to 
studies of traffic weights and intensities and of pavement 
properties, none of which are discussed in this report, it 
is of great importance to investigate both the load-carry- 
ing properties of the subgrade and those soil character- 
istics which control subgrade movements other than 
those caused by vehicular loads. 


VOIDS RATIO, VOLUME CHANGE, MOISTURE CONTENT, AND 
POROSITY EXPLAINED 


It is necessary at this point to define certain terms, 
with full explanations of their significance. While the 
engineer who seeks only ageneral knowledge of subgrades 
may never have to use them in tests of his own, it is essen- 
tial to an understanding of the subject that he know the 
precise meaning of the terms ‘‘voids ratio,’”’? ‘‘volume 
change,” ‘“‘moisture content,’ and ‘‘porosity,’’? which 
have to do with those changes in soil state that affect 
the performance of subgrades. 

A soil mass, or soil, as generally termed, consists of 
both soil particles and pores. When a soil mass, due to 
change in either moisture content or degree of con- 
solidation, either increases or decreases in volume, only 
the void volume or the pore space is assumed to change, 
the volume of the soil particles remaining constant. 

The density which controls in a large measure the 
supporting value of the soil depends upon the ratio of 
pore volume to either soil particle or soil mass volume. 
The test constants which represent either the moisture 
contents of soils when in particular states, or the changes 
in moisture content caused by changes in soil states, 
indicate, among other things, the density of the soil. 

In order to visualize the soil states indicated by the 
constants and by the different degrees of soil density 
one must thoroughly understand the significance of the 
terms ‘‘voids ratio,” “‘moisture content,’”’ and ‘‘poros- 
ity,’’ which disclose the relation of pore volume to soil 
particle volume in the soil mass. 

Voids ratio.—This term is defined as the ratio of the 
volume of voids to the volume of soil particles in a soil 
mass (1), 1. e., the volume of the voids or pores per 
unit volume of soil particles in a soil mass. 
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Thus if e= voids ratio; 
V,=volume of voids; 
V,=volume of soil particles; 


and e+1=total volume of soil mass per unit volume 
of soil particles in the mass. 

The voids ratio, e, varies with (1) variation in degree 
of compaction, the number of soil particles remaining 
constant, (2) increase or decrease in moisture content, 
the number of soil particles remaining constant, and 
(3) increase or decrease in total number of soil particles, 
the volume of the soil mass remaining constant. 

To illustrate the significance of the voids ratio, 
assume 216 spheres to be arranged as shown in Figure 
1, A in a container 1 cubic foot in volume and a rec- 
tangular parallelepiped in form. 

The combined volume of the voids and the spheres 
representing that of the soil mass equals that of the 
container, 1,728 cubic inches. 

The volume of the spheres is given by the equation, 


V;= aur < 216 = 904.8 cubic inches 


The volume of voids is the difference between these 
two volumes, 


V,=1728 — 904.8 = 823.2 cubic inches 
Hence the voids ratio, 


823.2 
€= 904.9 0-910 


By a rearrangement of the spheres the voids ratio 
may be changed. This is illustrated by placing the 216 
spheres in a container which is an oblique parallelepiped 
in form, as shown in Figure 1, B. 

In this case the volume of the container is equal to 
the product, 1212.31 10.66=1,575 cubic inches, 
V,=1,575—905=670 cubic inches; and the void 2 


. 670 ’ 
tlo, €=—— =0.740. 
ratio, é 905 0.740 


Volume change.—This term is defined as the change 
in the volume of a soil mass due to change in the 
state of consolidation of the soil particles. Volume 
change is expressed in percentage of the volume of the 
soil mass either before or after change in the state of 
consolidation. 

Thus when a soil changes from one state of consolida- 
tion indicated by a volume equal to V, to a different 
state of consolidation indicated by a volume V2, C; 
is the volume change in percentage of the volume of 
the soil, V;; and C, is the volume change in percentage 


of the volume V;. Thus 
aes 2 
CQ= Pa < 100 
= | is . 
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ARRANGED WITH 
Pornts oF Contract on Eacu SPHERE, VoIps 
Ratio EQUAL TO THAT OF THE 216 SPHERES 
SHOWN IN Fiaure 1, A 


FIGURE 2.—108 SPHERES 


If the spheres shown in Figure 1, A are assumed to 
represent a state of consolidation indicated by V, 
and those shown in Figure 1, B are assumed to repre- 
sent a state of consolidation indicated by V2, the volume 
change obtained by changing the arrangement of the 
spheres from that shown in Figure 1, A to that shown 
in Figure 1, B is given by the formula, 


Vieave. 1,728—1,575. 

Oa 100 2 LB75 x 100 =9.7 per cent 
This method of computing volume change may be 
used whenever the volume of the soil mass but not the 
number of soil particles changes. 

When a soil changes from any wet state indicated 
by a volume equal to V to the thoroughly dried state 
indicated by the volume equal to V,, C is defined as 
the volume change in percentage of the volume of the 
soil in the wet state and (, is defined as the volume 
change in percentage of the volume of the soil in the 








dry state. Thus 
C= oe “x 100; and 
PA: 
C,= ee aL OL) ame teas Rf (2) 


Thus, for instance, the volume change which occurs 
when soil cakes in the laboratory are changed from the 
wet to the dry state, as in shrinkage tests, is given by 
this formula. 

In case, however, one desires to compute the volume 
change when both the degree of consolidation and the 
number of soil particles change he must of necessity 
employ the voids ratio, which is expressed in unit 
values. 

Assume, for instance, that the arrangement of the 
spheres shown in Figure 1, A remains the same but that 
the number of spheres is reduced to 108 as shown in 
Figure 2. The volume of the container is reduced by 
one-half but the voids ratio of necessity remains the 
same, 

864—452.4 
Tay 


Let e, equal the voids ratio possessed by the 108 
spheres shown in Figure 2, state 1, and é, equal the 
voids ratio of the 216 spheres shown in Figure 1, B, 
state 2. Then, if the degree of consolidation of the 
spheres is changed from state 1 (figs. 1, A or 2) to state 


=0.910 
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2 (fig. 1, B), the volume change of the container or soil 
mass per unit volume of soil particle, expressed in per- 
centage of the volume of the container per unit volume 
of soil particle, state 2, is given by the expression, 











+ LEE 6) Ce eae 
eRe Tee x 100 
a €;— €2 ws 
= Tye, X100.--.------------------- (3) 
0.910—0.740. . 
= 710.740 X100=9.8 per cent 


which substantially agrees with the value of C; obtained 
above, the difference being due to the lack of decimal 
places in the values of e. 

Moisture content.—The moisture content, w, is de- 
fined as the weight of moisture in the soil in percentage 
of the weight of the soil particles. 

Thus, if 1, is defined as the weight of the soil mois- 
ture in grams and W, as the weight of the soil particles 
(weight of thoroughly dry sample) in grams, 


Vea 





To determine the moisture content possessed by a 
soil, the soil sample is weighed first wet and then dry. 
Hence, if W is defined as the weight of the wet sample 
(weight of soil particles + weight of moisture) and 
W, as the weight of the dried soil sample, 


and 


Because of the fact that 1 cubic centimeter of water 
weighs 1 gram, the weight of the water in grams, M,, 
is also the volume of water in cubic centimeters. The 
volume of the soil particles in cubic centimeters equals 
the weight of the soil particles in grams divided by the 
specific gravity of the soil particles. Thus, if 


V,=volume of the soil particles in cubic centimeters; 
and 
G=specific gravity of the soil particles; then 


Wo 


Vg op iss RS ec ee (7) 





Consequently, w,, the moisture content of the soil 
in percentage of the volume of the soil particles is 
given by the equation, 


Ve: 
Wy = W, 
G 


W-W, 
Vee “Ox 100 x G 





x 100 





Since w,, the moisture content in percentage of the 
volume of the soil particles is equal to the void volume 


in percentage of the volume of soil particles, when the 
voids are completely filled with water, we have 


We=eK 100s ea eee (9) 
and by substitution of wG@ for w,, 
we 
€= 300 ----- nr (10) 


Thus, if a soil sample weighs 30 grams when wet, 25 
erams when dry, and the soil particles have a specific 
gravity of 2.5, 


M,=W-—W,=30—25=5 grams; 
VE SKN) | Bee 
w= Ww.” LOU alince per cent; 
Wy = Ww X G=20 X 2.5 = 50 per cent; 


00 





é 


Porosity —The porosity, P, is defined as the volume 
of the voids or pores in a soil mass in percentage of 
the volume of the soil mass (volume of soil particles 
+ volume of the voids). Its value is given by the 
formula, 


Vee Lee 
V, 4V, % 100=7 45% 100 BY eS (leh) 


Thus, for the soil sample referred to above, 


P= 





é 0.5 x 100 
P= Tae x 100= T4056 7333 per cent. 
For the spheres shown in Figure 1, A, 
0.91 a 
ee 10.01% 100 = 47.6 per cent 
and for the spheres shown in Figure 1, B, 
0.740 74 
P= 1+0.740 x 100= ie 42.5 per cent. 


It has been shown? that the porosity of spheres of 
equal size when in the densest possible state equals 
approximately 26 per cent and the corresponding voids 
ratio approximately 0.35. 


INFORMATION FURNISHED BY SUPPORTING VALUE TESTS LIMITED 
’ IN SCOPE 


A scrutiny of reports on experiments dealing with 
the subject discloses a diversity of opinion as to the 
best manner not only of measuring but also of express- 
ing the magnitude or efficiency of the support furnished 
to the road by the subgrade. 

Thus the “comparative bearing value” of soils studied 
in the early investigations of the Bureau of Public 
Roads (2), the ‘‘modulus of subgrade reaction”’ used by 
H. M. Westergaard (3) in his discussions, and the 
“consistency”’ of soils investigated by Charles Terzaghi 
(1, 4) are all indicative of supporting value and yet 
differ widely in both significance and scope. 

The nature of the comparative bearing value test 
and the type of information furnished by it are illus- 
trated in Figure 3. It is, in brief, a simple load-defor- 
mation, or load-penetration test of a small soil sample 
held in a container. A curve is drawn which shows 


oer Oy 10 De Thompson, Concrete, Plain and Reinforced, second edition, 1912, 
pp. 168-170. 
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FIGuRE 3.—APPARATUS AND TYPE OF RESULTS FURNISHED BY BEARING VALUE TEST 


how much a given load will deform a given sample. 
Thus, according to Figure 3, a load of 4 pounds per 
square inch causes the bearing plate to penetrate a 
particular soil sample 0.041 inch. For comparative 
purposes, the bearing value of the soil was assumed to 
be the load in pounds per square inch required to pro- 
duce a penetration of 0.1 inch. 

Doctor Westergaard’s modulus of subgrade reaction 
may be defined as the load in pounds per square inch 
required to deform a perfectly elastic subgrade 1 inch. 
Thus a perfectly uniform and perfectly elastic sub- 
grade which will deform 0.01 inch for each one-half 
pound per square inch of pressure applied, has a mod- 
ulus of subgrade reaction equal to 50. 

The Terzaghi consistency test is performed on a 
cylindrical soil sample in the following manner. The 
sample is mounted in a loading machine equipped with 
a micrometer dial for measuring deformations, as 
shown in Figure 4. Load is applied slowly to a prede- 
termined magnitude, and the sample is allowed to de- 
form under this load until a state of equilibrium is 
reached. During this period of constant load the defor- 
mation is recorded as a function of the time. The 
load is then removed, and applied again to a greater 
magnitude. The deformation as a function of time is 
recorded for this load; the load is removed and applied 
a third time, until a point is reached (the yield point) 
where deformation is continuous without increase in 
load. The curve in Figure 4, center, shows the type 
of load-deformation curve which results from such a 
test. The curve at the bottom shows deformation 
plotted as a function of time. 

It is evident that this test takes into consideration 
not only the load-deformation relation which the com- 
parative bearing value test was designed to give, and 
the elastic rebound assumed by Westergaard, but also 
the effect of time on the deformation. 

Even the consistency test, however, fails to supply 
complete information on subgrade support which should 
also include a knowledge of: 


1. The deformation of the soil as influenced by (a) 
the magnitude of applied load, (b) the size and shape 
of the loaded area, and (c) a surcharge adjacent to the 
loaded area. 

2. The relative amounts of the deformation due to 
(a) lateral displacement of the loaded soil and (6) 
compression of the under soil without lateral displace- 
ment. 

3. The tendency of the soil to remain compressed or 
rebound upon the removal of load. 

Direct bearing value tests, both in time and effort 
required, are generally too elaborate for use as routine 
tests for subgrade soils. Consequently, instead of 
direct tests of supporting value comparatively simple 
tests are used in the subgrade investigations to disclose 
the presence of subgrade characteristics indicative of 
three properties which either singly or in combination 
control the many types of deflection produced in soils 
by loading. 

These properties af soils may be defined as follows: 

1. Stability, the property of resisting lateral flow 
when loaded. 

2. Compressibility, the property of compressing ver- 
tically under load without lateral movement and with 
a proportional decrease in air or moisture content. 

3. Elasticity, the property of deforming under load 
and rebounding upon the removal of load without 
changing mositure content. 

Figure 5, top, illustrates the character of deformation 
produced by loss of stability in soils. Here the load 
displaces the soil laterally. The deformation due to 
the compressibility of soils, illustrated in Figure 5, 
center, consists entirely of a more or less permanent 
consolidation of soil particles in the vertical direction. 
Figure 5, bottom, illustrates the rebound upon the 
removal of load in elastic soils. 

Loss of stability may cause fills to slide, clay to work 
up into the interstices of base courses and rutting to 
occur in flexible road surfaces. Examples of loss of 
stability are illustrated in Figures 6 and 7. 
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STABILITY OF SOILS CONTROLLED BY THE COMBINED EFFECT OF 
INTERNAL FRICTION AND COHESION 

Stability depends upon the shear strength which in 
turn depends upon the combined effect of the two 
mechanical properties of soils, internal friction and 
cohesion. 

The magnitude of the cohesion possessed by a soil is 
independent of the outside pressure acting on the soil. 
It depends upon the stickiness of the soil grains or 
their resistance to being pulled apart and thus consists 
of the true cohesion of soil particles combined with 
that furnished by the molecular attraction of water 
(5, 6). The stickiness of the clay in sand-clay roads 
and that of bituminous materials in black-top pave- 
ments represent true cohesion of materials. The very 
stable support furnished racing automobiles by beach 
sands when wet compared with the low stability of 


similar sands when dry serves to illustrate the impor- 
tance of that portion of the total cohesion furnished by 
the molecular attration of water. 

Internal friction, the magnitude of which increases in 
direct proportion to the pressure exerted upon the soil, 
depends upon the resistance of the soil grains to sliding 
over each other (6). It is defined as the angle whose 
tangent is the ratio between the resistance offered. to 
sliding along any plane in the soil and the component 
of the applied force acting normal to that plane. The 
sand in sand-clay roads and the mineral aggregate in 
bituminous surfaces furnish the internal friction. 
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FIGURE 8.—SHEAR RESISTANCE OF SOILS AS RELATED TO INTER- 
NAL FRICTION AND CoHESION. Basic PRINCIPLE OF APPARA- 
Tus TO DETERMINE MAGNITUDE OF THESE Two MECHANICAL 
PROPERTIES 


Figure 8 illustrates the influence exerted by both the 
cohesion and the internal friction upon the shear 
strength of soils. 

The shear resistance is represented by the vector S. 

Let 


N= Pressure acting on soil’sample normal to the 
sliding plane; 
c = Cohesion; 
=S, when N=0; 


¢= Angle of internal friction. 
Then 


N tan ¢= Frictional resistance to sliding; 
S=N tan ¢+¢; 


and 


¢=are tan Doe! 


N 


Figure 9 illustrates the conditions required for 
stability j in homogeneous soils. 

Let DD be any plane in the soil making the angle a 
with the horizontal, 
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W=unit weight of soil; 
N=component of W normal to DD; 


=W cos a; 
then 
7 =force productive of sliding; 
=W sin a; 
and 


S=shear resistance of soil; 
=N tan do+ce. 


Sliding occurs when 7 exceeds S. Therefore the 
requirement for stability is that W sina be less than 
W cosa tan @+c. 

Based upon this theoretical conception of stability, 
formulas have been developed by means of which may 
be determined (a) the influence of cohesion, internal 
friction, width of loaded area, and load adjacent to the 
loaded area upon the stability of subgrades (7) and (6) 
the influence of cohesion, internal friction and slope 
upon the critical height of fills (8). 

The formula for computing the supporting value of 
soils was derived on the assumption that the loaded 
area was very long compared with its width. This 
assumption does not satisfy the condition produced by 
a wheel load upon the pavement, which is not suscept- 
ible of simple mathematical treatment. The analysis 
based upon a long loaded area illustrates the relative 
influence exerted by cohesion and internal friction upon 
the stability of soils. 





Figure 10.— D1iaGRAM FOR ANALYSIS OF SUPPORTING POWER 
OF SOILS 


Space does not permit derivation of the formula in 
this article (7). Figure 10 illustrates the method 
employed. 

Let 

gq =load per unit area; 
i= = surcharge adj acent to loaded area in same units; 

=}, width of loaded area; 
eae weight of soil; 
c=cohesion (force per unit area); 
¢=angle of internal friction; 
d 

= ° 5 
B=45 5) 

The load q, defined as the supporting value of the soil 
under the given conditions of cohesion, internal friction, 
width of loaded area, and surcharge, is given by the 
formula 





peg! - 2c 
q tan’g 2 tanB|_tan‘*s 1 | sag cing fang inte --= 17) 


Résal’s formula for computing the critical heights of 
cuts or fills (see fig. 11) gives only approximate results. 
It may be stated as follows: 

Let 

7=angle of inclination of fill; 
¢=angle of internal friction; 
A=unit weight of soil; 

c= cohesion; 





Then h,, the critical height of fill above which sliding 


will occur is given by the formula, 


h= 


cC sin 2 cos ¢ 
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Fieure 11—Dr1aqram ILLUSTRATING Rf&SAL’S FORMULA FOR 
CoMPUTING THE CritTicAL Hrraut or Cuts or FILLs 


Results of computations made according to the for- 
inula of Figure 10 are shown in Table 1, and those made 
according to Résal’s formula, Figure 11, are shown in 


Table 2 


TABLE 1.—Influence of cohesion, internal friction, width of loaded 
area and load adjacent to loaded area upon stability of subgrades 





Supporting value, g, pounds per square foot 














nels 
A Cohe- | Ci | gi=0 
poll type sion, ¢ te s=100 pounds 
tion, ¢ per cubic 
’ foot 
b=0.71-foot 
Pounds 
per 
square 
Sa almost li- | foot 
id Seen 100 0 400 
Olay, very soft___- 200 2) 860 
Clay,soltaeeesese= 400 4 1, 860 
Clay, fairly stiff.__| 1,000 6 4, 980 
Clay, very stiff_.._| 2,000 12 12, 540 
Siltssiwiebes saa 0 10 40 
Sands crys 0 34 770 
Sand-gravel mix- 
tures, cemented ?} 1,000 384 17, 840 





@=100 
s=100 pounds 
per cubic 
foot 
b6=0.71-foot 


500 
980 
1,990 
5, 130 
12, 770 
240 

2, 020 


19, 090 





qi=0 
s=100 pounds 
per cubic 
foot 
b=7.10_feet 


400° 


910 
1, 960 
5,170 

13, 060 

430 
7, 680 


24, 750 





1JTn silty soils the angle of internal friction may vary between 10° and 30° but the 


cohesion may be almost 0. 


2In properly graded soils, depending upon the extent of their compaction, the 
angle of internal friction may exceed 34° but the cohesion may be considerably less 


than 1,000. 


TABLE 2.—Critical heights of slope in cuts and fills, computed 
from Résal’s formula 








Angle 
Slope| ADg!¢ | Weight | Cohesion | of | Critical 
Soil type of cut Soya of soil, of soil,! internal] height 
or fill P z A c friction,| of fill, hi 
Pounds per|Pounds per 
°  ' | cubic foot | square foot | Degrees Feet 
14:1 | 63 26 
Very: sott clayeess-seeee oa Ba a 80 200 2 * 
4:1] 14 02 55 
14:1 | 63 26 43 
} . 
Medium clay.-.-------- peer ies toy 90 1, 000 6 fs 
| 4:1] 14 02 546 
14:1 | 63 26 61 
Bilt clnyer tear setae aS meg 100} 1,500 8 ae 
4:1 | 14 02 as on 
1:1 | 638 26 
Good sand clays-------. aie be oO 110 1, 000 34 sratnmnte? 
4:1] 14 02 Unlimited 
14:1 | 638 26 
Siltyiclaysses=aeee eee oa BS m 100 200 14 
4:1 | 14 02 Unlimited. 























1 Materials having no cohesion such as sands, silts, etc., have no critical heights. 
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Figure 12.—REwATIVE EFFECT ON SUPPORTING POWER OF SOILS OF INCREASING THE AREA UNDER LOAD 


These two formulas also serve to furnish some indi- 
cation offthe relative influence exerted on both the 
stability of subgrades and the critical height of fills by 
variations in the angle of internal friction, the cohesion 
remaining constant, or vice veras. Thus, when the 
cohesion equals 400 pounds per square foot, b equals 
0.71 foot, and q equals 0, the supporting value of the 
subgrade will equal either 2,550 or 7,600 pounds per 
square foot, depending on whether the angle of internal 
friction equals 12° or 34°. When the angle of internal 
friction equals 34° the supporting value of the subgrade 
wil equal either 4,180 or 17,840 pounds per square foot, 
depending on whether the cohesion equals 200 or 1,000 
pounds per square foot. Likewise, the critical height 
of fills with a slope of 1 to 1, a weight of soil, A, of 100 
pounds per cubic foot, and a cohesion of 400 pounds per 
square foot will be either 21 or 34 feet, depending on 
whether the angle of internal friction equals 2° or 12°; 
and when the angle of internal friction equals 6° the 
critical height will equal 13 or 63 feet, depending on 
whether the cohesion equals 200 or 1,000 pounds per 
square foot. 

These examples show not only that stability depends 
upon both the internal friction and the cohesion of the 
soil, but also that the manner in which stability is 
influenced by such factors as the size of the loaded 
area, etc., differs widely depending on whether the 
stability is furnished principally by internal friction or 
cohesion. Thus: 
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Increasing the width of the loaded area and also 
aaieenie the soil with a load adjacent to the loaded 
area increases the unit support very appreciably, as 
shown in Table 1 and Figures 12 and 13, when the 
stability of the : iLeredes is furnished principally by 
internal friction instead of cohesion. Thei increases 1n 
the unit support of cohesionless soils due to increase in 
width of loaded area and to the surcharging just noted 
are, according to unpublished data furnished by Dr. 
Charles Terzaghi, much greater when the loaded area is 
long and narrow than when it is square or circular. 

Increasing the width of the loaded area or sur- 
charging the soil with a load adjacent to the loaded 
area does not increase the unit support very appre- 
ciably when the stability of the subgrade is furnished 
principally by cohesion instead of internal friction. 

3. The safe angle of repose of fill material is inde- 
pendent of the height of the fill only when the fill 
consists of cohesionless materials. 

Thus one sees how a conception of the effect of the 
relative amounts of cohesion and internal friction pos- 
sessed by the soil is more enlightening with respect to 
the design of preventive measures than merely a 
knowledge of stability or the combined effect of these 
two properties. Figure 14 shows a method of prevent- 
ing sliding by terracing the faces of a cut made in clay. 
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RECOGNITION OF COMPRESSIBILITY AND ELASTICITY IN SUB- 
GRADES IMPORTANT 

Consolidating the subgrade serves to increase its 
density and decrease its permeability (7, 7, 9, 10)* and 
consequently is likely to prove highly beneficial. The 
degree of consolidation obtainable and the nature of 
the results, whether beneficial or detrimental, which 
will be obtained by attempted consolidation depend 
upon whether the subgrade soils are of the compres- 
sible oc of the elastic type; that is, whether in the 
absence of change in moisture content they will remain 
consolidated or will rebound upon the removal of load. 
To remain consolidated after the removal of load, in 
the absence of free water, soil grains must either lack 
any spongy or elastic property which tends to push 
them apart or possess cohesion in amount sufficient to 
overcome such a tendency. 

A small sponge and a wad of cotton will serve to 
illustrate very effectively how the elastic subgrades 


3 Permeability: is Manned as she rate at which gravitational wate is Feavern ited 
by soils. It depends upon both the hydraulic gradient and the size and number of 
the soil pores. It varies as the square of the effective diameter of the soil grains. 
It is expressed as the coeflicient of permeability which is designated as k and equals 
the velocity in centimeters per second under a hydraulic gradient of 1. 











differ in performance from the compressible subgrades. 
If, for instance, they are both thoroughly wetted and 
then compressed by hand the cotton, representing the 
compressible soil, remains in the compressed state after 
the removal of the compressing force, because of cap- 
illary tension acting on the surface ‘of the cotton— 
the same force which stabilized the beach sand referred 
to above. ‘The capillary tension in this case equals’at 


-least the pressure exerted by the hand to compress the 
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cotton and also any tendency possessed by the cotton 
strands to separate, otherwise the cotton would have 
expanded. The sponge, representing the elastic sub- 
grades, expands to almost its wet volume upon the 
removal of the compressing force. This occurs because 
the tendency of the sponge fabric to expand greatly 
exceeds the capillary force acting upon the sponge 
surface. Soaking the sponge prior “to compression in a 
elue whose molecular cohesion exceeds that of water in 
sufficient amount serves to prevent the elastic rebound 
upon the removal of pressure. 

Kither a macadam or a concrete surface may be seri- 
ously damaged by attempts to consolidate elastic 
subgrades before pavement construction. After the 
thorough rolling which benefits the compressible sub- 
orades, a suber ade of the elastic type, if it possesses 
cohesion, is likely to retain a certain degree of compac- 
tion. A slight wetting under these conditions, such as is 
furnished by freshly ‘deposited concrete, may cause a 
nonuniform rebound of the subgrade. This, combined 
with water loss from the concrete due to absorption by 
the soil is likely to cause pavements to crack excessively 
(fig. 15, A) during the setting period of the concrete. 

Movements of. heavy material trucks and mixing 
apparatus adjacent to pavements laid: on elastic co- 
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hesionless subgrades may cause distortions of the soil 
supporting the freshly laid concrete sufficient to produce 
pavement cracking. Cracking of this character may 
remain in microscopic form for an appreciable period of 
time. Except during the setting period of the concrete, 
elastic subgrades are not likely to be detrimental to 
concrete pavements. 

The presence of elasticity in subgrades may prevent 
macadam pavements from acquiring adequate bond 
during construction and from retaining it subsequently. 
Under these conditions macadams may develop “alli- 
gator hide” (fig. 15, B) cracking, through which 
water may pass and cause the subgrade soil to soften and 
to penetrate the voids of the macadam, thus causing the 
surface to fail. 





Ficure 16.—Fitt Berina Consrructep or MareriaLt Con- 
SISTING OF CLODS 


DEGREE AND RATE OF COMPRESSION DISCUSSED 


The manner in which soils may compress depends to a 
large extent upon their moisture contents. Those soils 
whose voids contain air may compress because of either a 
compression of the entrapped air or the escape of the 
air from the soil pores. In this case the rate of con- 
solidation depends upon such factors as the resistance 
of clods (fig. 16) to crushing and can not be computed. 
The force required to break clods differing in degree 
of dryness can, however, be investigated in the labora- 
tory. 

Soils in the plastic state (fig. 17) or those whose voids 
are filled with moisture, may consolidate vertically 
without flowing laterally only when water escapes from 
the soil pores. Thus foundations supporting buildings 
and other structures adequately for years settle sud- 
denly when new excavations permit water to escape 
from the loaded soil supporting the foundations. 

In this case the speed of soil consolidation for equal 
external pressures applied depends primarily upon the 
permeability of the soil mass. In fact within certain 
limits it varies directly with the coefficient of permea- 
bility of the soil. Since the coefficients of permeability 
of the soil constituents may vary through a wide range, 
as shown in Table 3, the rates at which individual soils 
consolidate may be widely different. 

Figure 18 shows how the data furnished by the 
Terzaghi compression test may be employed to indicate 
both the amount and the rate of fill settlement. This 
test has been discussed previously in Pupiic Roaps by 
Dr. Charles Terzaghi (1). 

Water pressed from the soil pat (fig. 18, A) by the 
weighted piston, passes through the porous stones 
above and below the pat and escapes from the over- 
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TABLE 3.—Coefficients of permeability of soil constituents 
under pressure of 1.5 kilograms per square centimeter 


Coefficient of 


Soil ty 
| permeability 


Centimeter per 
second 
18. 96% 1074 
0. 128 1074 


Potomac River sand, 20-100 mesh_. 
Mica, 20-100 mesh___- s 

rock Oreek siltes- 2.52255 0. OOO06 K 1074 
Diatoms. 0. 048% 104 


Clay_o2s. Ee Re E | 0, 00011 X10" 
Peat (Minn.)_ 0. 785K 10-4 


flow orifices a and 6. The relation between the voids 
ratio of the soil and the compressing force is expressed 
as the load-compression curve, Figure 18, B. ‘The data 
for constructing the load- -compression curve are ob- 
tained by applying the compressing force in magni- 
tudes equal approximately to 0, 0.5, 1.5, and 3.0 kilo- 
grams per square centimeter and observing oie voids 
ratio produced by each load when applied, until further 
increase in the deformation of the soil ceases. Conse- 
quently the load-compression curve discloses the 
minimum voids ratio or the maximum density of the 
soil likely to be produced by loads of given magnitude. 
Data for constructing the expansion curve (fig. 18, B) 

are obtained when the load is changed eeaivale 
from approximately 3.0 to 1.5, 0.5, and 0.0 kilograms 
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per square centimeter and water is allowed to enter the 
sample. The data for constructing the time-compres- 
sion curve are furnished by observing the times cor- 
responding to the deformations produced by: the indi- 
vidual load increments. 

The time-compression curve (fig. 18, C) shows the 
relation between (a) the degree of compression of the 
soil, expressed as a percentage of the total compression 
occurring in a very long loaded interval, and (6) the 
length of the loaded interval expressed in minutes, the 
magnitude of the load remaining constant. 

In order to demonstrate, by analogy, the method of 
estimating both the magnitude and the rate of com- 
pression caused by a hydraulic fill constructed on in- 
undated river bottom land as illustrated in Figure 18, D, 
it must be assumed first that the compression is direct 
and no lateral thrust is involved; second, that both the 
fill material on top and the hard compact sand beneath 
are more permeable than the soft soil layer; third, that 
the moisture is free to pass through the underlayer of 






































































100 PUBLIC ROADS Vol. 12, No. 4 
(A) 
LOAD 
(c) ‘ 
O lal (@) Ww 
= 2 > ox 
= a w 1.5 KG/CM: a 
MICROMETER <e2o 1 4 0.86 oa 
Cag Og TIME COMPRESSION CURVE O6 
u% 40 | } } - 1.7209 
Rae ae ou SETTLEMENT IN | YEAR is 
Ea fe FEET OR 62% OF TOTAL a 
ao , 
ZS 60 SSO 4 2 57S 
OS SETTLEMENT IN 6 YEARS 6 a 
mo 3.52 FEET OR 82% OF TOTAL rene) 
mm 10 3.43% 
a = 
Ww 
100 4.29 wu 
0 10820 300 640 N50 CO mm One SOmEOG 









ESSENTIAL ELEMENTS OF 
‘TERZAGHI COMPRESSION DEVICE 


(B) 











TIME - MINUTES IN LABORATORY FOR SAMPLE 1.0 CM. THICK 


Oy iN 7h sy ab sy oy 7 ee) Koy HIN) [2 
ESTIMATED TIME 


YEARS IN FIELD FOR SOIL LAYER IOFEET THICK 


1I3 14 15 16 





























































3.0 (D) 
—€,=2.5 VOIDS EXAMPLE OF METHOD OF ESTIMATING COMPRESSION 
Rese se RATIO OF SAMPLE OF SOFT SOIL LAYER BY A SUPERIMPOSED FILL 
=e. IN UNDISTURBED ASSUMING DIRECT COMPRESSION ONLY. 
> LOAD COMPRESSION CURVE | = STATE WITH NO LATERAL THRUST IS INVOLVED IN THIS CASE. 
eG NO LOAD. 
O W 
= SUPERIMPOSED 
z we -—— @9= 1.0 VOIDS WEIGHT SOIL 
a RATIO OF SAMPLE WATER LEVEL 1. 5KG/C M2 N_—SAMPLE 
a RF a Lanny ZASINS 
—ECo milo yf Yes SI, LOT IOSWN Ww 
Olas COMPRESSED . Z&% SK GR 2X No? WG RIS Y; 
. —EXPANSION CURVE WITH Pus, we 10 Ae oe Zz So ZX YAS S 
OF 1 5KG/CM FEET s 
way a aN VY RG VUES 
0 | PR SEAS ERNE SSL LE SK PALES 
On 0.5 GON ei Sent 5as.0 Saar TARO Ona "SAND. LAYER ie 


LOAD - KG/CM? 


Figure 18.—Data FURNISHED BY 


sand, and last, that the moisture content throughout 
the thickness of the soft soil layer is uniform. 

Under these conditions the soft soil layer in the 
river bottom (fig. 18, D) is subjected to compression 
similar to that acting on the soil pat (fig. 18, A). 
Thus the weight of the fill material corresponds to the 
compressing force, and the fill material on top and the 
compact sand beneath the soft soil layer correspond to 
the porous stones. (Fig. 18, A). In addition let the 
load-compression curve (fig. 18, B) and the time- 
compression curve (fig. 18, C) be assumed to represent 
tests performed upon an undisturbed sample of the 
soft river bottom soil, as indicated in Figure 18, D. 

Under the weight of the fill material (1% kilograms 
per square centimeter), the undersoil will, since the 
assumed conditions are the same as those existing in the 
laboratory, compress from a voids ratio e,; =2.5 (original 
undisturbed state) to a voids ratio e,=1. The ratio of 
soil thickness after compression to soil thickness before 
compression equals the ratio of soil volume (soil 
particles plus voids) after compression to the soil vol- 

: dae. 
ume before compression, or ieee 
soil layer 10 feet thick will compress to a layer whose 
thickness is given by the expression 


Beton <x 10=5.71 feet. 


Teen 


The time in years required for different stages of set- 
tlement is computed from the time- -compression curve 





Consequently the 





THE TERZAGHI COMPRESSION TEST 


on the assumption that the time required for two soil 
layers to compress in equal degree varies as the squares 
of the thickness of the layers. 

Accordingly Figure 18 informs us (a) that the fill will 
settle 4.29 feet and (6) that 2.66 feet of this amount 
will occur during the first year and that an additional 
settlement of 0.86 foot will occur during the succeeding 
five years. 


CAPILLARITY THE IMPORTANT AGENT CAUSING CHANGES OF 
WEATHER TO BE REFLECTED IN SUBGRADE MOVEMENTS 


The more important subgrade movements due to 
climatic influences are (a) expansion of the soil occur- 
ring with an increase in moisture content (6) shrinkage 
of the soil occurring with a decrease in moisture con- 
tent, and (c) heaving of the soil during frost. 

These occurrences depend upon the physical phenom- 
enon capillarity, which, so far as subgrades are con- 
cerned, is defined as the ability of soils to transmit 
moisture in a finely divided state in all directions in 
spite of both the direction in which gravity acts and the 
force of gravity. 

Capillary action is illustrated in Figure 19. Capillar- 
ity draws the liquid up through the cheesecloth wicks, 
over the edge of the container A, and down to the ends of 
the wicks on the outside of the container. This merely 
moistens the wick on the left whose outside end is just 
about on a level with the surface of the liquid in the 
container. In addition to becoming moist, the wick on 
the right, the outside end of which is located appreciably 
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FiGcurE 19.—ILLUSTRATION OF CAPILLARITY 


below the surface of the liquid in the container, per- 
forms like a syphon and transfers the liquid from 
container A to container B. 

When this photograph was taken the liquid was 
dropping into container B from the end of the cheese- 
cloth wick at the rate of 1 drop every 38 seconds or 
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Ficure 20.—ILLUSTRATIONS OF CAPILLARY ACTION IN SOILS 


1 gram every 10 minutes. This equals 1 gallon every 
631 hours. At times during the experiment the rate 
was as much as 1 gallon every 12 days. 

This simple experiment explains the occurrence of 
seepage in the lower face of an earth dam, even though 


the top of the impervious corewall is higher than the 
adjacent water surface, Figure 20, A, and in subgrades 
in spite of ditches, as shown in Figure 20, B. 

‘The maximum distance through which water may be 
forced by capillarity depends upon the surface tension 
of the water and the size of the soil pores, and increases 
as the size of the soil pores decreases, the temperature 
of the water remaining constant (1, 5). The rate at 
which capillary moisture travels depends upon the 
capillary tension, upon the frictional resistance fur- 
nished by the walls of the pores to the flow of water, and 
upon the rate at which capillary equilibrium is destroyed 
by evaporation, the formation of ice crystals, or change 
in ground water elevation (11). 





hae 


Figure 21.—Soit In Face or Cur ErRopep BECAUSE OF 
Irs ExpaNsIvE PROPERTIES 


PROPERTIES AFFECTING EXPANSION AND SHRINKAGE OF SOILS 
ANALYZED 

The extent to which water will be absorbed depends 
upon both the capillary properties and the degree of co- 
hesion possessed by the soil. Water entering cohesion- 
less soils through capillary action may cause the grains 
to separate to such an extent that the soil quickly dis- 
integrates, as shown in Figure 21. A sufficient amount 
of cohesion existing between the soil particles will pre- 
vent the entrance of water in an amount sufficient to 
cause the soil to lose stability, unless the soil is ma- 
nipulated. The amount of cohesion possessed by a soil 
of given constituents depends upon both the moisture 
content and the state of compaction of the soil. There- 
fore the relative amount to which the soil will expand 
depends upon both the degree of consolidation and the 
moisture content of the soil before wetting. 

Each of 90 soil cakes were compressed in the wet 
state in the subgrade laboratory of the Bureau of 
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Public Roads, under a load of 3 kilograms per square 
centimeter. The load was then reduced to 0.028 kilo- 
gram per square centimeter and the cakes were per- 
mitted to absorb water. Subsequently two disks, each 1 
square inch in area, were cut from each of the 90 soil 
cakes. One of these disks, in the wet state, was im- 
mersed in water and its counterpart was first allowed to 
dry to constant weight in the air and was then immersed 
in water. 

Eight of the 90 disks, containing less than 12 per 
cent clay and immersed in the wet state disintegrated 
after being immersed for periods averaging 73 days. 
Of the 8 corresponding disks immersed in the dry state, 
6 disintegrated after being immersed for an average 
period of 7 minutes and the remaining 2 swelled and 
cracked in appreciable amount but did not completely 
disintegrate after being immersed for a period of 25 
days. Sixty-eight of the 90 disks containing, with 
several exceptions, clay 13 to 77 per cent and im- 
mersed in the wet state, remained intact after being 
immersed for an average period of ninemonths. Of the 
corresponding 68 disks immersed in the dry state, 26 
disintegrated after being immersed for an average 
period of 10 minutes, 41 disintegrated after being 
immersed for an average period of 1 hour, and the 
remaining disk cracked and swelled in appreciable 
amount after being immersed for a period of 10 days. 

As additional evidence that cohesion in soils tends to 
prevent their expansion and disintegration due to water 
absorption reference is made to Figure 22. The soil 
cakes shown in this figure were made up from soil 
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Figure 22.—Soit SAMPLES CONTAINING WATER-GAS TAR IN 
VARYING AMOUNTS, PHOTOGRAPHED AFTER IMMERSION IN 
WaTER FOR A PERIOD OF Two WEEKS 


samples taken at different depths in a subgrade located 
at Arlington, Va., which was treated with water-gas tar 
in 1923. After their removal from the subgrade in 
1929, these cakes were compressed in a semidry state, 
dried to constant weight in the air, and immersed in 
water for a period of two weeks. The two cakes shown 
on the left of Figure 22 contain tar in appreciable 
amount and exhibit no signs of disintegration. The 
third cake from the left contains but a small amount of 
tar and has crumbled slightly along the top edges. 
The fourth cake from the left contains but a slight 
trace of tar and shows crumbling in appreciable amount 
near the top. The two cakes on the right contain no 
visible trace of tar and have crumbled to a still greater 
extent. 

Reduction in soil volume as illustrated in Figure 23 
is caused by reduction in the moisture content of the 
soil. This action depends upon the capillary force 
exerted as the moisture content is reduced by evapora- 
tion and upon the resistance furnished by the soil par- 
ticles to being consolidated. The theory of shrinkage 
in soils may be briefly stated as follows (12): Assume 
a soil with its pores completely filled with moisture to 
be in the liquid state. Under these conditions the 
contractive force exerted by the surface tension of the 
water is practically zero. As water evaporates from 
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FIGURE 23.—LARGE SHRINKAGE CraAcKS Over 3 INCHES 
WipE AND Over 1 Foot DrEEp 


the sample the capillary tension exerts on the outer of 
surface of the sample a uniformly distributed force 
acting at every point perpendicular to the outer sur- 
face of the sample, and tending to draw the particles 
in. As the soil sample becomes smaller and smaller its 
resistance to further shrinkage correspondingly in- 
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Figure 24.—Exampues or Frost DAMAGE IN Roaps. 
GRAVEL Roap Hkravep By Frost Action. 


A.— 
B.—Bitv- 
MINOUS MacapAam Roap DAMAGED BY Frost ACTION IN 
SUBGRADE 
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Ice lenses observed by F. C. Lang in soil in Minnesota 
Figure 25.—ExXAMPLES OF ICE SEGREGATION IN SOILS 


creases. Finally the soil attains a volume at which 
the resistance of the soil sample to further reduction in 
volume just equals the capillary pressure exerted by 
the evaporating moisture. Further evaporation will 
not appreciably decrease the volume of the soil sample. 
The moisture content of the soil at this state of equilib- 
rium is termed “the shrinkage limit’’ and is discussed 
in Part II of this report, to be published in the next 
issue of Pusiic Roaps. 


DETRIMENTAL HEAVING CAUSED BY SEGREGATION 
WHEN FREEZING 


OF WATER 


Heaving of soils due to frost action (fig. 24, A and 
B) is caused by an increase in total moisture con- 
tent occurring as ice layers or crystals (13, 14, 15). 
Its magnitude depends upon the rate of temperature 
change, the moisture content of the soil prior to freezing, 
the proximity of additional water and the rate at 
which capillary flow occurs (13, 14, 15, 16). 

The formation of well defined ice layers in the soil 
(figs. 25,* and 26) depends on three physical phenom- 
ena— 

(a) The tendency of water particles contained in 
soil pores of the larger capillary dimensions to freeze 
at either normal freezing or slightly less than normal 
freezing temperatures (—1°, —4°C.). 

(b) The tendency of water particles contained ia 
soil pores of the smaller capillary dimensions to resist 





4 Reproduced from the article, Freezing and Thawing of Soils as Factors in the 
Destruction of Road Pavements, by Stephen Taber, Public Roads, vol. 11, No. 6, 
August, 1930. 





freezing at abnormally low temperatures (as low as 
= 70" C.). 

(c) The tendency of water particles of freezable size, 
during the process of freezing, to draw to themselves 
from adjacent fine capillaries the small particles of 
water which individually do not freeze at ordinary 
freezing temperatures (14). When drawn to the exist- 
ing ice crystal these small water particles freeze and 
increase in size. Continuation of this process causes 


SMALL WATER PARTICLES 
DO NOT FREEZE AT NORMAL FREEZE AT NORMAL 
FREEZING TEMPERATURES. FREEZING TEMPERATURES. 
ROAD SURFACE 


LARGE WATER PARTICLES 









Vs stssss GROUND MEET IPII LEE U4 


SMALL WATER PARTICLES 
FREEZE UPON COMING 
IN CONTACT WITH LARGE 
WATER PARTICLES. 


LARGE WATER PARTICLES 
WHEN FREEZING ATTRACT 
AND GROW AT EXPENSE OF 
SMALL WATER PARTICLES. 





eae 
Vag GROUND WATER 

WATER DRAWN TO LARGE PARTICLES FROM THE SMALL 
PORES REPLACED FROM THE GROUND WATER BY CAPILLARY FLOW. 


» ICE LAYERS DUE TO 7— ROAD SURFACE HEAVED 
CONTINUED GROWTH OF IN AMOUNT EQUAL TO. AT 
LARGE WATER PARTICLES LEAST THE COMBINED 
UPON FREEZING. THICKNESS OF ICE LAYERS. 







MMO SPEYER WATER GLITESTE TE 
FiguRE 26.—D1AGRAM ILLUSTRATING THE Puysics or FRost 
HEAVE 


the original ice crystals to increase in size as long as 
they are being supplied with small water particles 
drawn up through the fine capillaries from the ground 
water supply. 

Whether or not frost heave will occur depends upon 
the quantity of moisture capable of being raised to a 
given height above the water table in a given time. 
Neither the height to which water will rise by capillarity 
nor the rate of such rise is alone the determining factor. 
Just as the amount of water furnished by a pipe de- 
pends upon the pressure acting on the water, the diam- 
eter of the pipe and the frictional resistance to flow, 
the raising of a quantity of water sufficient to produce 
frost heave in the subgrade at a given height above 
the ground water elevation (disregarding the rate at 
which capillary equilibrium is destroyed) depends upon 
the force of capillarity, the area of pore space, and the 
frictional resistance. 

Capillary pressure varies inversely with the diameter 
of the pores. The frictional resistance to flow through 
a soil is a function of the surface area of the soil par- 
ticles and consequently increases with a decrease in 
erain size at a much greater rate than does the capillary 
pressure. Therefore, in order to furnish capillary 
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moisture in detrimental amounts the pore size must be 
small enough to furnish appreciable capillary pressure 
but large enough to prevent too much frictional re- 
sistance to flow.® 

As an indication of the amounts of water furnished 
by capillarity, it has been estimated that certain Iowa 
silts (9) are capable of raising 
water by capillarity at the rate 
of about 5 feet per year. Itis 
indicated by observations in 
both New Hampshire and 
Minnesota that in extreme 
cases the rate may be as high 
as 10 or 15 feet per year. 

Generally it can be stated 
that in cohesionless soils pos- 
sessing but little capillarity no 
important frost heaves occurs 
because practically all of the 
contained water freezes at nor- 
mal freezing temperatures and 
small unfrozen water particles 
do not exist in amounts suffi- 
cient to cause the frozen par- 
ticles to suffer appreciable 
erowth. Soils possessing rel- 
atively high capillarity and 
relatively low cohesion are 
likely to heave in very appre- 
ciable amounts. The contrast 
between sand and clay in this 
respect is shown in Figure 27.4 

Highly cohesive soils may 
possess very high capillarity 
but the resistance to water 
flow in these soils is very great. 
Consequently in dense cohe- 
sive soils with low ground water level and absence of 
lateral seepage, only limited amounts of water are avail- 
able for ice segregation. Under these conditions the soil 
adjacent to the growing ice crystals, as illustrated in 
Figure 28, is likely to dry out and shrink because of the 
loss of moisture (16). The ground water elevation in 
clays, therefore, must be comparatively high in order 
that important frost heave may occur. 


yA 





Figure 27.—FrRozeN Cy t- 
INDER, HauF SAND AND 
Haur Cuay. Mucu Src- 
REGATED IcEIN CLAY BUT 
NOT IN SAND. FuR- 
NISHED BY TABER Ex- 
PERIMENTS 


IMPORTANT SUBGRADE CHARACTERISTICS INDICATED BY THE 
PRESENCE OF CERTAIN SOIL CONSTITUENTS 


In the foregoing discussion certain relations have been 
shown to exist between the five basic physical charac- 
teristics of a soil (internal friction, cohesion, compressi- 
bility, elasticity, and capillarity) and the important 
characteristics of subgrade performance, 1. e., resistance 
to lateral flow, the property of compressing vertically 
under applied loads with or without rebound upon the 
removal of load, resistance to sliding in cuts and fills, 
shrinkage or expansion due to changes in moisture, and 
heaving under frost action. 

Both the state in which the soil exists and the prop- 
erties of the soil constituents exert an important influ- 
ence upon the occurrence of these characteristics. Thus, 
for instance, tests performed by Terzaghi (4) disclose 





4 Reproduced from the article, Freezing and Thawing of Soils as Factors in the 

Destruction of Road Pavements, by Stephen Tabor, Public Roads, vol. 11, No. 6, 
August, 1930. 
_ 5In 1909 Atterberg determined experimentally that the maximum height of cap- 
illary rise in 24 hours occurs in soil consisting primarily of particles 0.02 millimeter 
in diameter. This result was confirmed theoretically by Terzaghi (Erdbaumecha- 
nik, 1926, fig. 23). 





that the ultimate bearing value (yield point) of a soil in 
the undisturbed state may be over twice that of the same 
soil in the disturbed state. Likewise the compressibility 
may be different when soil is in the disturbed state 
from what it is in the undisturbed state (17). 

It is well known that the faces of cuts in certain of 
the loess soils in the Middle West may stand vertically 
for years in the undisturbed state whereas these same 
sous in the disturbed state lose stability easily and flow 
in the presence of water. 

It is also common knowledge that sands may be either 
highly Stable or ‘“‘quick’’ depending on whether water, 
as for instance that furnished by waves, flows down- 
ward or, as in the case of that furnished by springs, 
flows upward through them. 

In spite of these facts the importance of tests per- 
formed on soils in the disturbed state becomes apparent 
when one considers (a) that the soil composing the sub- 
erade generally, exists in at least a partially manipulated 
state and that composing the sands-clay and other low 
type road surfaces exists in a completely manipulated 
state, and (b) that the constants furnished by such 
tests serve to disclose the presence of those soils con- 
stituents which exert an important influence not only 





FIGURE 28.—TYPE OF SHRINKAGE CRACKING LIKELY TO OccuR 
WHEN WATER IS Drawn Out oF Soits Dur To FREEZING 
IN ADJACENT AREAS 


on the five basic physical characteristics of subgrades 
referred to above but also upon the state in which soils 
may occur in the soil profile. When only the mechan- 
ical analysis was used to identify soils, many soils indi- 
cated by this determination to be similar in character 
when disturbed, were observed to be radically different 
in character when undisturbed in the field. This differ- 
ence in field behavior was attributed to difference in the 
environment under which the soil developed or existed. 
Now it is found that soils similar in character according 
to the mechanical analysis may differ widely in character 
according to the physical tests and furthermore that 
many differences in field behavior of soils are due to 
differences in soil constituents. 

The subgrade investigations have made it increasingly 
evident that the states in which soils are likely to exist 
under specified conditions, as well as the physical char- 
acteristics of the soils in different states, may be largely 
dependent upon the presence of certain soil constituents. 

Among the many natural constituents of soils, a com- 
paratively few serve to illustrate the properties which 
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may exert an important influence upon subgrade per- 
formance. ‘These representative soil constituents are: 


Gravel.—Particles larger than 2.0 millimeters in diameter 
(No. 10 sieve). 

Coarse sand.—Particles between 0.25 (No. 60 sieve) and 2.0 
millimeters in diameter. 

Fine sand.—Particles between 0.05 and 0.25 millimeter in 

diameter. 
_ Silt.—Particles between 0.005 and 0.05 millimeter in diameter. 

Cohesive clay.—FParticles smaller than 0.005 millimeter in 
diameter. 

Gluey colloids —According to Albert Atterberg (1/8), soil par- 
ticles 0.002 millimeter or smaller in diameter show pronounced 
Brownian movements when suspended in water. This phenom- 
enon, as explained by Oscar Edward Meinzer, indicates that the 
colloidal stage of fineness is reached at this size and, according to 
the kinetic theory of heat, the particles are so small that they are 
bounced about by the rapidly moving molecules with which 
they collide. The colloidal fraction reported in the mechanical 
analysis, however, consists of particles 0.001 millimeter and 
smaller in size. 

Mica flakes. 

Diatoms. 

Peat. 

Chemical constituents—Certain chemicals, such as lime and 
magnesium, have a tendency to flocculate ® fine-grained soils; 
others, such as sodium and potassium have a tendency to de- 
flocculate or disperse fine-grained soils. (Fig. 29.) 


Of these constituents, certain of which are shown in 
the photomicrographs of Figure 30, the gravel and sand 
are indicative of high internal friction, the silt, peat, 
and diatoms of detrimental capillarity; the clay and 
colloidal glues are indicative of cohesion and, together 
with the silt and when not flocculated, of compressi- 
bility; and the mica flakes, peat, and flocculated soils 
are indicative of elasticity. 

Generally gravel and coarse sand furnish the main 
hardness and supporting strength of graded soil roads, 
especially in wet weather. Fine sand adds an embed- 
ment support to the coarse sand, and silt with low 
moisture content adds embedment for the sand. Clay 
and colloidal glues furnish cohesive and adhesive bond 
variable with their moisture contents (//). 

The curves of Figure 31 show the great range of 
compressibility and expansion possessed by different 
soil constituents. 


SUBGRADES TENTATIVELY ARRANGED IN GROUPS 


Because of the fact that the presence of certain soil 
constituents indicates the important soil properties, 
the subgrades may be arranged in groups representative 
of both soil constituents and characteristics. On this 
basis, the various soils have been tentatively arranged 
in groups with respect to their performance when used 
as subgrades, as follows (7): 


UNIFORM SUBGRADES 


Group A-1.—Well-graded material, coarse and fine, excellent 
binder. Highly stable under wheel loads, irrespective of mois- 
ture conditions. Functions satisfactorily when surface treated 
or when used’as a base for relatively thin wearing courses. 

Group A—2,—Coarse and: fine materials, improper grading or 
inferior binder. Highly stable when fairly dry. Likely to 
soften at high water content caused either by rains or by capil- 
lary rise from saturated lower strata when an impervious cover 
prevents evaporation from the top layer, or to become loose and 
dusty in long-continued dry weather. 

Group A-3.—Coarse material only, no binder. Lacks stability 
under wheel loads but is unaffected by moisture conditions. 
Not likely to heave because of frost nor to shrink or expand in 
appreciable amount. Furnishes excellent support for flexible 
pavements of moderate thickness and for relatively thin rigid 
pavements. 

Group A-4.—Silt soils without coarse material, and with no 
appreciable amount of sticky colloidal clay. Has a tendency to 





6 Arrangement of a number of soil colloids into groups having approximately the 
size of silt particles. 








Figure 29.—So1L In FLoccuLATED AND Dis- 
PERSED STATE AFTER 24 Hours SEDIMENTA- 


TION. FLOCCULATED SOIL (LEFT) SETTLES 
Our Raripty Leaving Cruear Liquip 
Axspove. DISPERSED CoLLoIpDsS REMAIN IN 
SUSPENSION CausiInG LIQuiD TO BE CLOUDY 


absorb water very readily in quantities sufficient to cause rapid 
loss of stability even when not manipulated. When dry or damp, 
presents a firm riding surface which rebounds but very little upon 
the removal of load. Likely to cause cracking in rigid pave- 
ments as a result of frost heaving, and failure in flexible pave- 
ments because of low supporting value. 

Group A-5.—Similar to Group A-—4, but furnishes highly 
elastic supporting surfaces with appreciable rebound upon re- 
moval of load even when dry. Elastic properties interfere with 
proper compaction of macadams during construction and with 
retention of good bond afterwards. 

Group A-6.—Clay soils without coarse material. In stiff or 
soft plastic state absorb additional water only if manipulated. 
May then change to liquid state and work up into the interstices 
of macadams or cause failure due to sliding in high fills. Furnish 
firm support essential in properly compacting macadams only at 
stiff consistency. Deformations occur slowly and removal of 
load causes very little rebound. Shrinkage properties combined 
with alternate wetting and drying under field conditions are 
likely to cause cracking in rigid pavements. 

Group A-7.—NSimilar to Group A-—6, but at certain moisture 
contents deforms quickly under load and rebounds appre- 
ciably upon removal of load, as do subgrades of Group A-—5. 
Alternate wetting and drying under field conditions leads to 
even more detrimental volume changes than in Group A-—6 sub- 
erades. May cause concrete pavements to crack before setting 
and to crack and fault afterwards. May contain lime or asso- 
ciated chemicals productive of flocculation in soils. 

Group A-8.—Very soft peat and muck incapable of supporting 
a road surface without being previously compacted. 


NONUNIFORM SUBGRADES 


Soils of these groups cause concrete pavements to 
crack or fault excessively and flexible types to fail or to 
develop rough riding surfaces. 


Group B-1.—Nonuniform natural ground due to abrupt 
variation in soil characteristics or soil profile, or to frequent 
change in field conditions. 

Group B-2.—Nonuniform subgrade due to nonuniform com- 
position of fill. 

Group B-3.—Nonuniform subgrade consisting in part of 
natural ground and in part of fill materials. 
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Figure 30.—PHOTOMICROGRAPHS OF Sort ConstTiTuENTS. A.—BxEAcH SAND. B.—ANGULAR SAND GRAIN. 





C.—GLACIAL SAND. 


D.—Soit Conratnina Diatoms. Notre SPoNGELIKE APPEARANCE. E.—SINGLE Diatoms. F.—Prat-Boc MatTERIAL. 


Notre Frsrovus StTRvucTURE AND FILM oF WATER SURROUNDING INDIVIDUAL PARTICLES 
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FicuRE 31.—CoMPRESSION AND EXPANSION CURVES FOR REPRESENTATIVE Sort CONSTITUENTS 


The foregoing is not intended to be a rigid and final 
soil classification. It does, however, arrange the uni- 
form soils according to those physical characteristics 
which are important with respect to subgrade perform- 
ance and in this manner constitutes the basis for a 
final classification. 

The terms ‘‘clay,” “‘silt,” and “‘sand”’ are used in 
defining the different groups. These terms, however, 
refer to the physical properties generally assumed to 
be possessed by these constituents rather than to definite 
grain sizes. Thus in the identification of members of 
the different soil groups grain size is subordinate to 
physical properties. 

The advantage furnished by this method of identifica- 
tion is illustrated as follows: Assume for instance a 
bulky grained material, Figure 32, A and B, passing the 
No. 20 and retained on the No. 100 sieve. According 
to grain sizeitissand. Physically it furnishes excellent 
firm support for a road surface. It does not possess 
either detrimental elasticity or capillarity and is, con- 
sequently, a Group A-3 subgrade. 

A similar material containing an appreciable amount 
of micaceous particles, Figure 32 C, passing the No. 20 
and retained on the No. 100 sieve would also be sand, 
according to grain size. Physically, however, this 
material. possesses both elasticity and capillarity in 
detrimental amounts; and, since it has no cohesion, it 
is a Group A-5 subgrade. 

In this grouping, therefore, sand instead of being a 
material characterized only by a specific grain size 
becomes a Group A-3 subgrade having internal friction, 
no cohesion, and capillarity in amount insufficient to 
cause detrimental expansion. Members of the A-3 
group are identified with respect to the ability pos- 
sessed by their grains to resist sliding over each other. 

Silt instead of being a materia] characterized only by 
a given grain size is divided into two groups: A—4 sub- 


gerade, which possesses internal friction, capillarity in 
appreciable amount, and neither cohesion nor elasticity 
in appreciable amount; and A-5, subgrade which has 
internal friction, both capillarity and elasticity in ap- 
preciable amount, and no cohesion. 

Likewise, the clays are divided into two groups: 
A-6 subgrade which possesses both cohesion and capil- 
larity in appreciable amount, but neither internal fric- 
tion nor elasticity; and A—7 subgrade which possesses 
cohesion, capillarity, and elasticity in appreciable 
amount, but no internal friction. 

This grouping with respect to both the physical 
properties of the soil and the soil constituents is il- 
lustrated diagrammatically in Figure 33. Different 
positions on the diagram represent different combina- 
tions of the five basic physical soil properties. Thus, 
for instance, a point plotted in the center of the diagram 
represents the perfect A—3 subgrade, having a maximum 
amount of internal friction. As the position of the 
point shifts from the center to the outer boundary of 
the diagram the magnitude of internal friction decreases 
eradually from a maximum to negligible amounts. 
As a point shifts along the circumference from the 
bottom to the top of the chart the indicated soil changes 
gradually from the compressible to the elastic type. 

Adding compressible materials in increasing amounts 
therefore gradually changes a group A-3 sand first to 
a nonplastic variety of the A-2 subgrade; second, to a 
well graded A-1 subgrade; third, to a plastic variety of 
the A-2 subgrade and last to either a Group A-4 or 
Group A-6 subgrade. 

The friable variety (sand predominating) differs 
from the plastic variety (clay predominating) of the 
Group A-2 subgrade in the following manner. A 
friable variety, to remain stable, requires the cohesion 
furnished by capillary pressure and therefore is likely 
to be highly stable on damp and unstable on thoroughly 
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dry subgrades. The plastic variety, in contrast, re- 
mains stable when fairly dry and is apt to soften on 
damp subgrades. 

Thus one sees that the uniform subgrade groups may 
Be defined with respect to properties summarized as 
ollows: 


Group A-1.—High internal friction, high cohesion, no detri- 
mental shrinkage, expansion, capillarity, or elasticity. 

Group A-—2.—High internal friction and high cohesion only 
under certain conditions. May have detrimental shrinkage, 
expansion, capillarity, or elasticity. 
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FIGurRE 33.—DIAGRAM ILLUSTRATING CHARACTERISTICS OF UNI- 
FORM SUBGRADE GROUPS 


Group A-3.—High internal friction, no cohesion, no detri- 
mental capillarity, or elasticity. 

Group A-4.—Internal friction variable, no appreciable cohe- 
sion, no elasticity, capillarity important. 

Group A-5.—Similar to A-4 and in addition possesses elas- 
ticity in appreciable amount. 

Group A-6.—Low internal friction, cohesion high under low 
moisture content, no elasticity, likely to expand and shrink in 
detrimental amount. 

Group A-7.—Similar to A-6 but possesses elasticity also. 

Group A-8.—Low internal friction, low cohesion, apt to posses 
capillarity and elasticity in detrimental amount. 
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THE EFFECT OF WATER-GAS TAR ON THE STRENGTH 
AND ALKALI RESISTANCE OF CONCRETE 


Reported by Dr. E. C. E. LORD, Petrographer, United States Bureau of Public Roads 


N PREVIOUS investigations carried on by the Bu- 

reau of Public Roads with tar and paraffin as a 

means for protecting concrete against alkali attack,! 
no quantitative data were obtained regarding the effect 
of the tar treatment on the strength of the concrete 
or its resistance to the action of sulphate solutions 
under severe service conditions. 

It was planned at the outset of the investigation 
reported herein to carry out strength tests simultane- 
ously on treated and untreated specimens stored out 
of doors in tap water at Arlington Farm, Va., and in 
the sulphate water of Medicine Lake, S. Dak. It was 
found, however, that many of the lake specimens were 
so severely attacked after a comparatively short period 
that the relative degree of protection offered by the 
various tar treatments could best be obtained by re- 
cording the conditions of the samples from year to 
ear: PREPARATION OF SPECIMENS 

The concrete test specimens employed in the pres- 
ent investigations were 3 by 6 inch cylinders of 1:2:4 
and 1:1}4:3 mix, and of medium and wet consistency, 
made up in batches of 3 each with Potomac River 
sand (fineness modulus 2.60) and Potomac River gravel 
eraded from three-fourths to one-half inch (60 per 
cent) and from one-half to one-fourth inch (40 per 
cent). ‘The cement used passed all standard specifi- 
cation requirements. 

The mixes were proportioned with a water-cement 
ratio of 1.25 for the 1:2:4 mix and 0.86 for the 1:1%:3 


mix, of wet consistency (flow 180), and 1.10 for the 
1:2:4 mix and 0.83 for the 1:14;:3 mix, of medium con- 
sistency (flow 140). 

The specimens for compressive strength determina- 
tions were cured for 7, 28, and 90 days in damp air 
and 14 days in dry air for 1:2:4 concrete of medium 
consistency (Table 1); and 14 days in damp air and 
3, 14, 28, and 60 days in dry air for 1:1%:3 and 1:2:4 
mixes of medium consistency (Tables 2 and 3). Speci- 
mens of 1:1%:3 and 1:2:4 concrete, medium and wet 
consistency, for exposure to alkali action were cured 
for 14 days in damp air and 38, 7, 14, 28, and 60 days 
in dry air (Table 4) before receiving tar treatment. 

Immediately after curing, water-gas tar conforming to 
gerade TW-1-X of the provisional specifications for tars 
for use in the protection of cement concrete * was applied 
to the concrete in brush coats. The quantity of tar 
absorbed after each application was determined sepa- 
rately and calculated on a percentage basis from the 
weight of the untreated specimen. Following the prim- 
ing coats of water-gas tar alternate batches of 3 cylinders 
each were given one seal coat of coal tar conforming to 
gerade TR-1-25 of the provisional specifications. 

After treatment, the samples for alkali exposure were 
shipped in specially prepared crates, each containing 
8 batches (24 specimens), to Medicine Lake, S. Dak.* 

The specimens for strength determination were 
treated in the same way and stored at Arlington Farm, 
Va., in a galvanized iron tank of about 400 gallons 
capacity, in which the water was frequently renewed. 


TABLE 1.—Compressive strength of 1:2:4 concrete of medium consistency treated with water-gas tar and coal tar after storage from one 
week to one year in tap water 4 
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2 Test results indicate averages of three samples in each batch. 


+ Per cent increase in strength was calculated from values obtained at one week and six months. 
1 Public Roads, vol. 5, No. 3, May, 1924; vol. 6, No. 11, January, 1926; and vol. 8, No. 6, August, 1927. 


2 Public Roads, vol. 8, No. 6, August, 1927, p. 107. 


3 Medicine Lake is situated 18 miles northwest of Watertown, S. Dak., and is extremely rich in alkali, the sulphate content of the water varying according to the 


Season of the year from 2.14 to 3.06 per cent magnesium Sulphate and from 0.12 to 1.34 per cent sodium sulphate. 


Public Roads, vol. 6, No. 8, October, 1925, p. 175. 
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TABLE 2.—Compressive strength of 1:14 :3 concrete, medium consistency, treated with water-gas tar and coal tar after storage from 30 to 40 
months in tap water 
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1 Strength deviation indicates averages of each batch compared with the crate average. 
2 Average of treated samples. 


TREATED AND UNTREATED CYLINDERS SHOW LITTLE DIFFERENCE 


IN ULTIMATE STRENGTH AFTER STORAGE IN TAP WATER 16). The average strength rating of these samples 


after one year was about 81 (column 21). 


In Table 1 are given the results of compression tests 
of 1:2:4 concrete cylinders of medium consistency, 
treated in batches of 3 cylinders each with water-gas 
tar and coal tar after storage from one week to one 
year in tap water. 

It will be observed that tar absorption (columns 4 
and 5) decreased as time of curing increased (column 
2), and that the strength developed is at a minimum 
with maximum tar absorption for samples cured for a 
short period of time (batches 2 to 5, columns 11 and 
21). The results indicate that the average increase in 
strength for the treated material between the ages ot 1 
week and 1 year is about the same as for the untreated 
material (batches 1 to 5, columns 12 to 16), but the 
strength of the treated samples after one year in water 
averages about 14 per cent less than that-of the 
untreated specimens (column 21). 

For samples cured 28 days in damp air and 14 days 
in dry air before receiving the tar treatment Watches 
6 to 10) the results were inconclusive, some batches 
indicating a slight gain (batches 8 and 10, column 16) 
and others an appreciable loss in strength during the 
six months to one year period (batches 7 and 9, column 


A more consistent gain in strength was indicated by 
specimens cured for 90 days in damp air and 14 days in 
dry air (batches 12 to 14, column 16) where the values 
obtained indicated an average gain of about 4 per cent 
between 6 months and 1 yearin water. A retrogression 
in strength of over 16 per cent between 6 months and 
1 year for the untreated specimens belonging to this 
group (batch 11, column 16) would render the computa- 
tion of the strength ratings at the age of 1 year mis- 
leading, but if computed on the basis of the strength 
of the untreated samples after 26 weeks in water 
(batch 11, column 10) the strength ratings of these 
batches would average essentially the same at the age 
of 6 months as those of the foregoing group at the age 
of 1 year, or about 81. 

From these results it may be concluded that the tar 
treatment retards strength development in concrete 
up to a period of 1 year in water; the loss in strength 
averaging from about 15 to 20 per cent compared with 
that of the untreated material. 

It will be observed from the following data, however, 
that after longer storage the effect of the tar treatment 
on the strength of concrete is much less apparent. 
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TABLE 3.—Compression strength of 1:2: 4 concrete, medium consistency, treated with water-gas tar and coal tar after storage from 30 to 40 


months in tap water 
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1 Strength deviation indicate averages of each batch compared with the crate average. 





2 Average of treated samples. 


In Tables 2 and 3 are recorded the results of com- 
pression tests on 1:1/4:3 and 1:2:4 concrete of medium 
consistency after 30 to 40 months in tap water. The 
specimens are duplicates of those receiving the same 
treatment (column 5) that were sent to Medicine Lake 
for exposure to alkali action and have been given the 
same crate numbers (column 2), 

The test results indicating averages of samples from 
each batch, as well as averages of all samples from each 
crate are given in columns 6 to 13. The average 
strength of the individual batches of 3 cylinders each 
receiving varying quantities of tar was found to deviate 
somewhat from that of the crate as a whole and this 
deviation, computed in percentage (column 12) has 
served as an index for comparison where strength 
ratings were not obtained. 

It will be observed that the average quantity of tar 
absorbed reached a maximum in samples of both mixes 
cured for 14 days in damp air and 3 days in dry air 
(Table 2, batches 6 to 138, column 6, and Table 3, 
batches 2 to 8, column 6), and that in the richer mixes 
the quantity absorbed decreases with increase in time 
of curing until a minimum is reached at 60 days in dry 
air (Table 2, batches 31-37). With the leaner mixes 
the amount absorbed is nearly uniform beyond a curing 
period of 3 days in dry air (Table 3, batches 9-32). 
The extent of penetration varies considerably, being 
appreciably greater in the leaner mixes (Table 8, 
column 7). 


These results indicate that the constituents of the 
hydrated cement are in an extremely tar-absorbent 
condition shortly after removal of the concrete from 
damp-air curing; but that after exposure to dry air 
these compounds, essentially colloidal in character, 
presumably undergo a change in structure and become 
less absorptive through loss of moisture and the action 
of atmospheric agencies. 

Regarding the effect of the tar treatment on the 
strength of concrete after 2 years and more in water, 
the test results indicate in the case of the richer mixes 
(Table 2) that while a shght reduction in strength has 
occurred in some batches the average of the crate 
groups about equals that of the untreated material 
(Table 2, columns 8 to 18). 

As regards the leaner mixes (Table 3), the results 
indicate that while certain batches have fallen off in 
strength, especially for samples _ cured for shorter 
periods in dry air (batches 6 and 7, columns 11 to 13), 
the average strength for each crate approaches closely to 
that of the untreated material (Table 3, columns 8 to 13). 

From an examination of Tables 2 and 3 it is evident 
that no definite relationship can be found between 
quantity of tar absorbed and strength development. 
Many batches receiving a maximum quantity of tar 
developed a strength as great as or greater than those 
receiving a minimum quantity (batches 6 and 11, 16, 
and 19, 32 and 37, in Table 2, and batches 3 and 8, 9 
and 14, 19 and 24, in Table ay 
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Exposure tests of concrete treated with water-gas tar and coal tar and stored in alkali water at Medicine Lake, S. Dak. 
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1 F indicates afaiiire of all specimens. 


From the results thus far obtained it may be con- 
cluded that while the tar treatment somewhat retards 
the early strength development of concrete stored in 
water, the effect of the treatment decreases with time 
of storage, the average strength ultimately attained 
varying but little from that of the untreated material. 
RESULTS OF EXPOSURE TESTS INDICATE VALUE OF WATER-GAS 

TAR TREATMENT UNDER PROPER CONDITIONS OF MIX, CON- 
SISTENCY, AND CURING 

The cylinders placed in Medicine Lake for exposure 
to alakli action were prepared and treated in the same 
way as those used in the strength tests except that 
mixes of both medium and wet consistency were em- 
ployed, and in some cases (Tables 4, batches 12, 13, and 
24 to 29) a small quantity (10 per cent by weight of 
tar) of paraffin, linseed oil or lubricating oil (viscosity 
2.85, Saybolt) was incorporated with the tar. 

The test results are given in Table 4, in which the 
indicated values represent averages of 24 specimens 
tested in each crate. 

It may be noted that the indicated quantity of tar 
absorbed is of the same general order as that previously 
recorded for the strength tests. That is to say, samples 
of both mixes cured for shorter periods in dry air 
(batches 2 to 5 and 14 to 17, columns 5 to 7) are, in 
general, more absorptive than those cured for longer 
periods (batches 6 to 11 and 18 to 23, columns 5 to 7). 
The results indicate also that the dryer mixes are, on 
the whole, more tar absorptive than the wet mixes 
cured for the same length of time (batches 2 to 11, 14 
to 23, columns 4 and 7). 

The effect of alkali action on the specimens is indi- 
cated in columns 8 to 19, in which the number of 
specimens attacked in each crate is given, as of the 
time of inspection. 

It will be observed that after an exposure period of 
from 6 to 15 months (columns 8 to 11) all samples of 
untreated 1:14:3 concrete, medium consistency, cured 


for 14 days in damp air and 3 days in dry air had been 
attacked (batch.1, column 11) while samples of the 
same mix, medium and wet consistency, cured in the 
same way and receiving from 2 to 5 coats of water-gas 
tar and 1 coat of coal tar were intact (batches 2 and 3,. 
column 11). It will be noted also that while the treated 
samples of the same mix cured for 7 days in dry air 
were in a satisfactory condition after 12 months in the 
lake (batches 4 and 5, column 10), the protective 
effect of the tar treatment decreased in efficiency with 
prolonged curing in dry air until with 60 days’ curmg 
all samples of wet consistency were attacked after 6 
months exposure (batch 11, column 8). 

In the case of the leaner mixes (batches 14 to 23) 
the tar treatment was not so effective, but it will be 
noticed that samples cured for a short period in dry air 
before treatment, especially those of medium consist- 
ency, were in better condition after 12 to 14 months 
exposure (batches 14 to 17, columns 10 and 11) than 
those cured for a greater length of time (batches 18 to 
23, columns 8 and 9). 

In regard to the relative protection offered by the 
tar treatment on concrete of medium and wet consist- 
ency (columns 4 and 7 to 19) the test results indicate 
that, in general, the dryer mixes are more tar absorptive 
and offer greater resistance to alkali attack. 

In the tabulation of the final results of the tests 
(column 19) it will be observed that all batches of 1:2: 
concrete receiving the tar treatment had failed within 
a period of from 18 to 86 months in the lake water, 
except those of medium consistency cured for 14 days 
in damp air and from 3 to 7 days in dry air (batches 
14 and 16, column 19). In the case of the 1:1:3 
specimens only batches cured for 14, 28, and 60 days 
in dry air had failed within this period (batches 7 to 
11, column 19), the remaining batches, especially the 
batch of medium consistency, cured for 14 days in damp 
air and 3 days in dry air (batch 2, column 18) being 
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After 27 months in lake 
EDIUM CONSISTENCY (BaTcH 2, CRATE 90) ArrEer 15, 27, AND 39 
amp Arr, 3 Days IN Dry AIR. TREATMENT: 2, 3,4, AND 5 CoaTs 


After 15 months in lake 


Ficure 1—ConpiTion oF 1:1}4:3 CONCRETE CyLINnpDERS oF M 
MonrtHs IN MEDICINE LAKE, 8. Dak. Curina: 14 Days 1n D 
or WaTEeR-Gas TaR AND 1 Coat oF CoaL TAR 





After 15 months in lake After 27 months in lake 


3 CoNCRETE CYLINDERS OF MEDIUM Consistency (Batcu 1, Crate 110) 


Figure 2.—ConpiTIOoN OF UNTREATED 1:1%: 
Lakes, S. Dax. CURING SAME AS IN FIGURE 1 


AFTER 15 AND 27 MONTHS IN MEDICINE 
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FiGuRE 3.—ConpiTION oF 1:1%:3 CoNncrETE CYLINDERS oF WET CONSISTENCY (BatcH 3, Crate 91) Arter 15, 27, AND 39 
Montus IN MepiciNne Laks, 8. Dak. CuRING AND TREATMENT SAME AS IN FiqurRE 1 
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After 15 months in lake ; After 27 months in lake After 39 months in lake 


Figure 4.—Conpition or 1:2:4 Concret# CyLinpers or Merpium Consistency (Barca 14, Crate 92) Arrer 15, 27, anp 39 
Montus IN Mepicrine Lake, 8. Dak. CurING AND TREATMENT SAME AS IN FiGcureE 1 
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After 15 months in lake 
FiaurE 5.—TrEst SHOWING CONDITION OF 1:2:4 Con- 
CRETE CYLINDERS OF WET CONSISTENCY (BatcH 15, 
Crate 93) Arrer 15 Montus 1n MEDICINE LAKE, § 
Dak. CURING AND TREATMENT SAME AS IN FIGURE 
1. Tuese SpecIMENS FarLeD AFTER 27 MONTHS IN 
THE LAKE 


in good condition. The condition of the cylinders in 
this batch, after 15, 27, and 39 months exposure, is 
shown in Figure 1. 

Regarding the addition of paraffin and lubricating 
oil to the tar, the results indicate that these mixtures 
are ineffectual in retarding alkali attack, samples thus 
treated having failed within 18 to 21 months in the 
lake (batches 24 to 29, column 19). The addition of 
linseed oil, however, to the tar and paraffin mixture 
appears to be beneficial when applied to the richer 
mixes, as the samples receiving this treatment (batches 
12 and 13, column 14) were practically unattacked after 
24 months in the lake (see fig. 6). Linseed oil was not 
used with the leaner mixes. 


PHOTOGRAPHS SHOW CONDITION OF SAMPLES 


The condition of the samples after exposure to alkali 
action may be seen from photographs of the crates 
taken immediately after their removal from the lake 
at the time the yearly inspections were made. It 
should be stated that the samples receiving the mini- 
mum quantity of tar were placed in the upper tier in 
the crates and those receiving progressively larger 
quantities in the ones below. 

The condition of untreated 1:1%:3 concrete of the 
same consistency and curing as the treated samples in 
crate No. 90 (fig. 1), after 15 and 27 months in the lake 
is shown in Figure 2. 


It will be noticed that where alkali action had pro- 
eressed to an appreciable extent the specimens attacked 
were about evenly distributed throughout the crates (fg. 
3, right, fig. 4, center and right, and fig. 5, batches 
3, 14, and 15, crates 91, 92, and 93) mdicating that the 
efficiency of the treatment can not be estimated with 
certainty by the quantity of tar absorbed nor by the 
addition of a coal tar seal coat. It will be seen later 
on that the degree of protection is influenced to a greater 
extent by richness and consistency of mix and method 
of curing the concrete previous to the treatment than 
by the quantity of tar applied. 

This is brought out by comparing the 1:1} :3 cylinders 
of medium consistency cured for 14 days in damp 
air and 3 days in dry air (fig. 1, batch 2, crate 90) with 
those of wet consistency cured in the same manner 
(fig. 3, batch 3, crate 91). In crate 90 all the cylinders 
were in good condition after 39 months in the lake 
except 3 in the upper tier which had received only 2 
coats of water-gas tar (12 grams per cylinder), whereas 
in crate 91 (fig. 3, right) at least 9 cylinders which had 
received as much as 16 grams of water-gas tar and 5 
crams of coal tar each were badly attacked. 

The protective effect of the tar treatment on Lee 
concrete decreases with time of curing in dry air, and 
it has been shown that all samples cured for longer than 
14 days in dry air before treatment failed after 18 to 
22 months in the lake water. (Table 4, batches 8 to 
11, column 19.) 





Batch 12, Crate 111. © 


Batch 13, Crate 112 


Curing: 14 days in damp air, 7 days in dry air 

Treatment: Batch 12, 2 coats of water-gas tar containing 10 per cent paraffin 
and 10 per cent linseed oil; batch 13, 3, and 4 coats of water-gas tar con- 
taining 10 per cent paraffin and 10 per cent linseed oil 


Ficure 6.—Conpition or 1:1%:3 CONCRETE CYLINDERS 
or Mepium ConsIsTENCy, TREATED WITH W ATER-GAS 
Tar CONTAINING PARAFFIN AND LINSEED Oi, AFTER 24 
Monrus In Mepicrne Lake, 8. Dak. 
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In the case of the 1:2:4 concrete the conditions are 
similar to those of the richer mixes although the effect 
of alkali action is much more evident. This fact may 
be observed by comparing specimens of medium con- 
sistency cured 14 days in damp air and 3 days in dry air 
(fig. 4, batch 14, crate 92) with samples of the same mix 
and curing but of wet consistency (fig. 5 batch 15, 
crate 93). While the latter samples were seriously 
attacked after 15 months’ exposure and had failed 
completely within 27 months, about one-half the sam- 
ples of medium consistency were intact at the end of 
this period (fig. 4, center). These same samples were 
still in good condition at the end of 839 months (fig. 4 
right). As indicated in the table, all specimens of 
1:2:4 concrete cured for more than 7 days in dry air 
had failed within 18 and 21 months’ exposure to the 
lake water. (Table 4, batches 18 to 23, column 19.) 

A possible benefit derived by the addition of paraffin 
and linseed oil to the water-gas tar when applied to 
1:14%:3 concrete is indicated in Figure 6 (crates 111 
and 112, batches 12 and 13). It should be recalled, 
however, that allsamples of 1:2 :4 concrete treated with 
paraffin and lubricating oil had failed after 22 months’ 
exposure (Table 4, batch Nos. 24 to 29, column 19), 
and it seems doubtful if the addition of linseed oil to 
the tar would be of great permanent benefit. 


CONCLUSIONS SUMMARIZED 


The results of the present investigations lead to the 
following conclusions: 

1. The compressive strength of concrete cured for 
varying periods in damp and dry air and treated with 
4 or more coats of water-gas tar and 1 coat of coal tar 
is somewhat lowered during early stages of hardening 
under water, but this loss is ultimately almost fully 
regained. 

2. During the early stages the strength decreases 
rather uniformly with increasing quantities of tar 
absorbed, but when ultimate strength is attained the 
effect of the tar is negligible. 

3. The protection against alkali action afforded 
concrete by the tar treatment is influenced by the 
cement content, method of curing and consistency of 
mix, being most effective in rich mixes of medium 
consistency cured for a minimum length of time in 
dry air. 

4. Concrete of wet consistency is less tar-absorptive 
and offers lower resistance to alkali attack than concrete 
of medium consistency cured in the same manner, 
although no positive relation is shown to exist between 


the amount of tar absorbed and the resistance to 
alkali attack. 

5. The protection to concrete afforded by the water- 
gas tar treatment, under the severe conditions imposed 
in this investigation, was increased only to a limited 
extent by the application of a nonpenetrable surface 
coat of coal tar. 

6. Concrete of high cement content, cured for a lim- 
ited period in dry air and treated with water-gas tar is 
capable of offering appreciable resistance to alkali 
attack under the conditions imposed in the foregoing 
investigation. 








(Continued from page 108) 


12. TERZAGHI, CHARLES. 
Simplified soil tests for subgrades and their physical sig- 
nificance. Public Roads, vol. 7, No. 8, October, 1926. 
13. Bovyoucos, G. J 
A new classification of soil moisture. 
11, No. 1, January to June, 1921. 
14. Bouyoucos, G 
Movement of soil moisture from small capillaries to the 
large capillaries of the soil upon freezing. Journal of 
Agricultural Research, vol. 24, No. 4, 1923. 
15. TaBHr, STEPHEN. 
Frost heave. Journal of Geology, vol. 37, No. 5, July to 
August, 1929. 
16. Mutts, “Tra B. 
Illustrations of frost and ice phenomena. 
vol. 11, No. 4, June, 1930. 
17. TERZAGHI, CHARLES. 
The science of foundations—its present and future. 
Proc. A. S. C. E., November, 1927. 
18. ATTERBERG, ALBERT. 
Die rational klassifikation der Sande und Kiese. 
Zeitung, vol. 29, pt. 1, p. 196, 1905. 
19. Ross, C. S., and SHANNON, C. V. 
The minerals of bentonite and related clays and their phys- 
ical properties. Journal of American Ceramic Society, 
vol. 9, February, 1926. 
20. OtmstTzEaD, L. B., ALEXANDER, L. T., and MippteETon, H. C. 
A pipette method of mechanical analysis of soils based 
on improved dispersion procedure. U.S. D. A. Tech. 
Bul. No. 170, January, 1930 ; 
21. Hogentoeier, C. A., TERZAGHI, CHARLES, and WINTER- 
MYER, A. ™M. 
Present status of subgrade soil testing. Public Roads, 
vol. 9, No. 1, March, 1928. 
22. STRAHAN, C. 
A study of cravel, topsoil, and sand-clay roads in Georgia. 
Public Roads, vol. 10, No. 7, September, 1929. 
23. HoGENTOGLER, C. A. 
California road survey demonstrates the economic possi- 
bilities of subgrade studies. Public Roads, vol. 7, No. 
12, February, 1927. 
24. TABER, STEPHEN. 
Freezing and thawing of soils as factors in the destruction 
of road pavements. Public Roads, vol. 11, No. 6, 
August, 1930. 


Soil Science, vol. 


Public Roads, 


Chem. 


U.S. GOVERNMENT PRINTING OFFICE: 1931 





i a ae 2 ee 








ROAD PUBLICATIONS OF BUREAU OF PUBLIC ROADS 


Applicants are urgently requested to ask only for those publications in 
which they are particularly interested. The Department can not under- 
take to supply complete sets nor to send free more than one copy of any 
publication to any one person. The editions of some of the publications 
are necessarily limited. and when the Deyartment’s free supply is ex- 
hausted and no funds are available for procuring additional copies, 
applicants are referred to the Superintendent of Documents, Govern- 
ment Printing Office, this city, who has them for sale at a nominal price, 
under the law of January 12, 1895. Those publications in this list, the 
Department supply of which is exhausted, can only be secured by pur- 
chase from the Superintendent of Documents, who is not authorized 
to furnish publications free. 


ANNUAL REPORTS 


Report of the Chief of the Bureau of Public Roads, 1924. 
Report of the Chief of the Bureau of Public Roads, 1925. 
Report of the Chief of the Bureau of Public Roads, 1927. 
Report of the Chief of the Bureau of Public Roads, 1928. 
Report of the Chief of the Bureau of Public Roads, 1929. 
Report of the Chief of the Bureau of Public Roads, 1930. 


DEPARTMENT BULLETINS 


No ¥*136D. 
*314D. 


Highway Bonds. 20c. 

Methods for the Examination of Bituminous Road 
Materials. 10c. 

Methods for the Determination of the Physical 
Properties of Road-Building Rock. 10ce. 

The Expansion and Contraction of Concrete and 
Concrete Roads. 10c. 

Reports on Experimental Convict Road Camp, 
Fulton County, Ga. 25c. 

Highway Cost Keeping. 10c. 

Typical Specifications for Bituminous Road Mate- 
rials. 10c. 

Rural Highway Mileage, Income, and Expendi- 
tures 1921 and 1922. 

Highway Bridge Location. 


*347D. 
*532D. 
*583D. 


*660D. 
FOOLED: 


1279D 


1486D. 


DEPARTMENT CIRCULARS 


No 331C. Standard Specifications for Corrugated Metal Pipe 
Culverts. 


TECHNICAL BULLETIN 
No. 55T. Highway Bridge Surveys. 
SEPARATE REPRINTS FROM THE YEARBOOK 


No. *914Y. Highways and Highway Transportation. 25c. 
937Y. Miscellaneous Agricultural Statistics. 


1036Y. Road Work on Farm Outlets Needs Skill and 
Right Equipment. 








* Department supply exhausted. 


MISCELLANEOUS CIRCULARS 


. Standards Governing Plans, Specifications, Con- 
tract Forms, and Estimates for Federal-Aid 
Highway Projects. 


*93M. Direct Production Costs of Broken Stone. 


109M. Federal Legislation and Regulations Relating to the 
Improvement of Federal-Aid Roads and National- 
Forest Roads and Trails, Flood Relief, and Mis- 
cellaneous Matters. 


25¢. 


MISCELLANEOUS PUBLICATIONS 


No. 76MP. The Results of Physical Tests of Road-Building 
Rock. 


TRANSPORTATION SURVEY REPORTS 


Report. of a Survey of Transportation on the State Highway 
System of Ohio. (1927) 


Report of a Survey of Transportation on the State Highways of 
Vermont. (1927) 


Report of a Survey of Transportation on the State Highways of 
New Hampshire. (1927) 


Report of a Plan of Highway Improvement in the Regional 
Area of Cleveland, Ohio. (1928) 


Report of a Survey of Transportation on the State Highways of 
Pennsylvania. (1928) 


REPRINTS FROM THE JOURNAL OF AGRICULTURAL RESEARCH 


Vol. 5, No. 17, D- 2. Effect of Controllable Variables upon the 
Penetration Test for Asphalts and 
Asphalt Cements. 


Vol. 5, No. 19, D- 3. Relation Between Properties of Hardness 
and Toughness of Road-Building 
Rock. 


Vol. 5, No. 24, D- 6. A New Penetration Needle for Use in 
Testing Bituminous Materials. 

Vol. 6, No. 6, D- 8. Tests of Three Large-Sized Reinforced- 
Concrete Slabs Under Concentrated 
Loading. 

Vol. 11, No. 10, D-15. Tests of a Large-Sized Reinforced-Con- 


crete Slab Subjected to Eccentric 
Concentrated Loads, 
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